Investigators have recorded the electronic spectra of assorted carbon-chain systems in the gas phase using a variety of methods, ranging from direct cavity ringdown absorption spectroscopy to photofragmentation techniques that utilize the cooling capabilities of an ion trap. We summarize the results from these studies and compare them with astronomical measurements of the diffuse interstellar band (DIB) absorptions. Although carbon chains comprising up to a handful of carbon atoms cannot be the carrier species, we explore which chains remain viable. In particular, the 1 u
INTRODUCTION
In the past decade, researchers have investigated carbon chains of increasing complexity using a variety of spectroscopic techniques. By employing laser vaporization and pulsed discharge sources, they have created a wide assortment of bare carbon, hydrocarbon, and heteroatom-carbon chain systems related to processes involved in combustion chemistry, molecular electronics, and the interstellar medium.
This review focuses on recent advances in the spectroscopy and understanding of carbon chains. Owing to their wide variety, we concentrate on bare carbon backbone structures, such as C n , C n H, and XC n X. For earlier studies involving laser-induced fluorescence, electronic emission, and matrix techniques, we refer the reader to previous reviews (1) (2) (3) .
One incentive for studying the electronic spectra of radicals and ions has been their relevance to astrophysical observations, specifically, the absorptions toward reddened stars, discovered approximately one century ago through diffuse interstellar clouds. The history and the current state of the field are the subject of a recent review (4) . For the purpose of this discussion, we note that these absorption features, referred to as diffuse interstellar bands (DIBs), now run over 200; investigators assume they are caused primarily by gaseous molecules in the diffuse clouds; and their assignment remains open. Because of their widths (ranging from a fraction to several angstroms wide), as well as their observed asymmetric profiles and substructure, the unresolved rotational contours of gaseous polyatomics are often considered. Douglas's (5) article, written 30 years ago, was a major influence on the consideration of the carriers, pointing out that some of the bare carbon chains C n , where n may lie in the range 5-15, could show spectroscopic features consistent with the DIB observations: (a) electronic transitions in the visible region of the spectrum (the majority of the DIBs lying in the 400-800-nm region with a few others to the red) and (b) broadenings due to intramolecular processes.
Another suggestion for the carriers has been polyaromatic cations (6) . In this regard researchers have recently moved away from the initial considerations of traditional aromatics to much larger systems (7) , more than 50 carbon atoms with an undefined number of hydrogens and charge.
Owing to our experience with the electronic spectra of polyacetylene cation chains and related species, it was a natural transition to test Douglas's conjecture by actually measuring the gas-phase spectra of carbon chains and ions. We achieved this for the neutral carbon chains C n with n = 4-5, hydrogenated derivatives (e.g., C n H, n = 3-12), the polyacetylene cations HC 2n H + , and numerous carbon anions (C n − ) ( Table 1) .
The methodology for investigating carbon chains over the years has remained consistent. As a first step the electronic absorption spectra of new species are measured in neon matrices at 6 K. By depositing mass-selected ions into solid neon, investigators have reported electronic, and some infrared (IR), absorption spectra for a wide variety of previously uncharacterized species. By this means, we have located the wavelength range of the desired electronic transition and gained an understanding of the excitation processes (3). An assortment of different ion-production techniques, C n + (n = 7-9) Abs in Ne 36 2 C 2n H − (n = 5-12) R2CPD 52 Abs, absorption; LIF, laser-induced fluorescence; R2CPD, resonant two-color photodetachment; R2CPF, resonant two-color photofragmentation; R2C2PI, resonant two-color two-photon ionization.
CRD: cavity ringdown
R2C2PI: resonant two-color two-photon ionization LIF: laser-induced fluorescence including Cs sputter and cold cathode sources, makes it possible to synthesize diverse carbon-containing species for both positive and negative ions. From these the neutral entities are generated.
With the matrix data available, the gas-phase electronic spectra are sought out. Investigators use a number of approaches to study the neutrals and ions, including pulsed and continuous-wave cavity ringdown (CRD), resonant two-color two-photon ionization (R2C2PI), laser-induced fluorescence (LIF), trapped ion photofragmentation, and electron photodetachment processes.
The availability of these gas-phase electronic spectra enabled, for the first time, a direct comparison with astronomical measurements using either literature compilations or specific searches in collaboration with astronomers. In all the cases studied, the results proved negative; the molecular absorptions do not correspond to any of the stronger DIB features, leading to the general conclusion that carbon systems, comprising up to approximately 12 atoms, cannot be responsible for the known strong DIBs. Thus we can now exclude Douglas's hypothesis, in the sense that the smaller carbon chains he referred to are not the carriers. However, the concepts he, and other groups (8) , introduced concerning broadening mechanisms due to intramolecular processes remain important. In light of this new understanding, we propose that future efforts should concentrate on larger systems with appropriate spectroscopic features, and in fact quite a bit of selectivity arises because of the restraints that have become apparent from the laboratory-astronomical comparisons (9) . To illustrate this, we summarize the results for several different classes of carbon chains in the following section.
CARBON-CHAIN SYSTEMS

Bare Carbon Chains
Interest in neutral carbon chains arises from the observation of both C 2 and C 3 in diffuse and translucent interstellar clouds through their electronic transitions (4, 10) . In the IR region, C 3 and C 5 have been detected in the circumstellar shells of carbonrich stars (11) . Using CRD spectroscopy, investigators have observed the Types of π-π excitations encountered in the electronic spectra of carbon chains.
electronic transition of C 5 (12) and the 3 u
− spectrum of linear C 4 , with origin bands at 510.9 nm and 379.0 nm, respectively (13) .
For these bare carbon chains, the strong transitions of interest typically involve π electrons, leading to π * -π or π-π type excitations. Figure 1 depicts three different situations, presenting the π molecular orbitals without g or u parity labels. Although theory predicts that C 4 exists as both a closed-shell rhombic structure and as a triplet linear cumulene, with both forms nearly isoenergetic (14, 15) , only the linear species has been identified in IR (16, 17) and electronic spectroscopies (12, 13, 18) . The 379-nm Researchers have established this paramagnetic nature of the C 2n series through both electron-spinresonance measurements in neon matrices (19) and the triplet splittings observed in gas-phase IR spectra (16, 17, 20) . Well-resolved gas-phase electronic spectra, however, were not obtained owing to lifetime broadening, with internal relaxation pathways dominating intramolecular dynamics (13) .
The closed-shell . . . π 4 C 2n+1 species possess strong 1 u
+ transitions in the ultraviolet (UV) (∼170 nm for n = 3, ∼200 nm for n = 5) (Figure 1a) . Weaker but also allowed (12) . Despite this spectral congestion, investigators could detect an irregular broadened structure and attributed it to overlapping sequence transitions and interactions with other close-lying electronic states, the latter due to the presence of several triplets located below the excited 1 u state. More recently clean spectra were obtained using R2C2PI (21). Because of the overwhelming presence of C 2 and C 3 bands above 516 and 405 nm, respectively, spectral congestion is nearly always present when using LIF or CRD methods. Thus mass selection becomes a key advantage, as shown in the R2C2PI spectrum of the origin band for the A + transition of C 5 at 232 nm (21). The ability of R2C2PI to mass characterize species and collect clean spectra also enabled observation of the strong, but structureless, 2 3 u
− transition of C 6 and C 8 , and 1 u
+ of C 9 , both lying in the UV (21). In general, the wavelengths of strong π-π transitions (Figure 1) have an approximately linear dependence on the number of heavy atoms in the chain. Because oscillator strengths also scale with size, the detection of longer chain species with decreasing densities is at least partially compensated by increasing transition moment.
Ion-mobility experiments indicated linear structures for the bare carbon-anion chains (23, 24), whose configurations give rise to transitions in the visible-UV region that involve π-π and π * -π electronic excitation. More transitions become available as n increases owing to the accessibility of lower-lying π valence orbitals. These excited electronic states are bound because of their considerable electron affinities (e.g., 3 .88 eV for C 4 − and ∼4.5 eV for C 12 − ) (25, 26). Thus researchers could use two−photon detachment spectroscopy to obtain vibrationally resolved spectra of the C − demonstrates that care must be taken in comparing laboratory and astronomical data. The origin band, as well as five other bands in the gas-phase spectrum, appeared to match with DIBs within the 0.2-nm uncertainty given in the initial comparison (31). A more detailed spectroscopic study allowed a determination of the molecular constants (32). However, further astronomical measurements showed that the positions of some of these bands differed by a fraction of 1 cm −1 , whereas other weaker DIBs were uncertain and did not correlate in their intensities (33).
The strong radiation fields present in the diffuse interstellar medium should be capable of ionizing any polyatomic bare carbon species, and thus electronic spectra of the cations are also sought. The B 4 u -X 4 g − transition of the smallest example, C 2 + , has been measured in the gas phase (34). Electronic transitions for larger linear and cyclic C n + (n = 6-9) species have been measured only in neon matrices (35, 36), as have C 60 + and C 70 + (37-39). The experiments indicate that the oscillator strengths in the transitions for the even cation chains (l-C 6 + and l-C 8 + ) are an order of magnitude larger than the corresponding transitions of the neutrals. Transitions for the odd-numbered cation chains (l-C 7 + and l-C 9 + ) are weaker. Gas-phase spectra are now a goal.
Monohydrides
Investigators have identified C 3 H, C 5 H, and C 7 H through radio astronomy in the interstellar medium, both in dark interstellar molecular clouds and in the envelopes of evolved stars (40, 41) . Rotational spectroscopy on the monohydrides indicates linear structures, which appear to be more stable than cyclic ones, giving rise to X 2 ground states for the neutrals (Figure 1c ) (42) (43) (44) (45) (46) (47) . Electronic spectra of species such as C 6 H, which were rotationally resolved in a supersonic jet expansion, demonstrate 2 system, as were transitions to the higher-lying B 2 − state (50). Excitation to both the and states shows comparable dipole transition moments. The C 2 + -X 2 systems of C 7 H and C 9 H were also detectable using R2C2PI; however, for C 9 H the A 2 -X 2 and B 2 − -X 2 systems were not (50). The ionization potential of C 9 H is too large to observe the corresponding transitions using a 1 + 1 scheme with 10.2-eV ionizing photons. For these longer chains, the electronic spectra arise from π-σ electron promotion, in which linear geometries are observed in both the ground and excited states. The same R2C2PI process applied to C 3 H, however, indicated bent structures in the excited state, with the visible and near-UV transitions assigned as A 2 A -X 2 , B 2 A -X 2 , and C 2 A -X 2 (51). Investigators used a resonant two-color electron photodetachment process to observe spectra of the closed-shell anions (Figure 1a) . Band origins for the 1 + -X 1 + transitions of C 2n H − (n = 5-10) follow a linear relationship from 304 nm to 590 nm (52). Rotational structure was resolved for the origin band of the 1 A -X 1 + transition of C 4 H − (53). The appearance of -and -rovibronic components led to the assignment of a bent-linear electronic transition.
For the odd-numbered C n H − anion chains, calculations place the triplets just under the lowest singlets, creating a situation in which both singlet-singlet and triplet-triplet transitions can be observed, as was the case for C 9 H − -C 15 H − .
Researchers detected transitions to acetylenic linear chains with alternating bond lengths ( 3 − -X 3 − ) and cumulenic chains with at least one angle not 180
• and bond alternation less pronounced ( 1 A -X 1 A ) (54). While they observed narrow bands in the acetylenic isomer, the cumulene-like excited states led to broader and coarser structure, owing to either rotational K transitions of an almost-linear chain with an off-axis terminal H or the low-frequency bending vibrations present for a bent-linear geometry change.
In C 3 H − only the 3 A -X 3 A transition has been observed and rotationally analyzed (55). The bent geometry of the anion is much different than the linear neutral owing to its extra electron, which drastically perturbs the neutral core. Two subbands were resolved, revealing both -and -patterns, indicating a bent-linear or bent-bent transition with parallel and perpendicular components.
Recently, investigators observed electronic absorptions for C 6 H + and C 8 H + in 6-K neon matrices (56), offering an opportunity to search for these related species in the gas phase. The 1 3 − -X 3 − transitions were observed at 516 and 628 nm for l-C 6 H + and l-C 8 H + , respectively. The linear assignment is consistent with ab initio calculations.
Polyacetylenes
The π * -π transitions in the closed-shell even HC 2n H chains lead to Figure 3 shows that as the chain size increases, the peak profiles widen, with lifetime broadening dominating any profile narrowing expected from decreased rotational constants. This effect is attributed to intramolecular processes that become more efficient as the chain length scales.
For the paramagnetic . . . π 4 π 2 odd chains, the predominant transition involves a B 3 u (Figure 1b , π * -π) (58). As expected, both the ground and excited states demonstrate bond-length alternation owing to localized π orbitals. HC 7 H, HC 9 H, HC 11 H, and HC 13 H have all been studied using CRD spectroscopy, with the The ionization potentials of the polyacetylene hydrocarbon chains have been measured up to HC 8 H, and the trend shows that whereas diacetylene's value is 10.2 eV, that of all larger chains is less than 9 eV (60, 61). Thus cation species may be located in the diffuse clouds, in which the degree of ionization may be quite large (62). Because of this, researchers have studied the polyacetylene cations up to HC 16 
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Figure 3
Origin bands of the 1 u + -X 1 g + transition for the even series HC 16 H-HC 26 H as observed using a resonant two-color two-photon ionization process. the rotational structure with these approaches. In all cases the transitions observed are of the type . . . Figure 1c ). An ion-trap instrument has been built to measure the electronic spectra of cations that have been collisionally cooled (20-40 K) both rotationally and vibrationally (Figure 4a ) (70). Ions are produced in an electron-impact ion source and are mass selected with a quadrupole filter before being fed into a 22-pole radio-frequency trap. Typically 1000 ions are held for approximately 70 ms, during which the ions are equilibrated to low temperatures through collisions with cryogenically cooled helium gas. Subsequently an electronic transition is induced through excitation with a tunable nanosecond laser. A second UV photon then initiates photofragmentation of the excited ions. Afterward the trap is opened and the fragment ions are mass selected by a second quadrupole and detected.
The origin bands observed for the gas-phase A 2 -X increase with size, owing to a lifetime broadening effect that outweighs the narrower rotational profiles of the larger molecules.
Investigators employed similar techniques to study the protonated polyacetylene chains, also combining the 22-pole cold trap with a two-photon two-color photofragmentation scheme (71). Previous calculations (72-75) and vibrational spectra of massselected HC 6 H 2 + and HC 8 H 2 + trapped in neon matrices (76) show that the protonated form, of C 2v symmetry, is the ground-state structure. Through modeling the band profile in the measured gas-phase spectra, researchers determined both upperand lower-state spectroscopic constants, whereas ab initio calculations helped assign the 
Isoelectronic Chains
Nitrogenated and sulfur terminated chains, both of which can be readily produced using discharge sources, offer examples for comparison with their isoelectronic analogs. Both species are also relevant astrophysically: HC 2n+1 N species (up to n = 5) have been detected in dark interstellar clouds using radioastronomy (77), whereas other rotational lines have been assigned to sulfur-bearing chains, such as CCS (78) and C 3 S (79). HC 6 N, whose A 3 − -X 3 − origin band was observed at 471.5 nm (80), is an example of an isoelectronic species that should behave like its acetylenic counterpart, HC 7 H: Both are stable triplet chains with linear ground-state structures, as confirmed through microwave studies. For HC 6 N, investigators detected a linear -transition in a spectrum congested with overlapping band systems from C 2 and CN.
The corresponding A 3 u
− transition for the isoelectronic NC 5 N species was rotationally resolved at 438 nm (81). Nonpolar chains, such as NC 5 N, are unsuitable for microwave detection in the interstellar medium; however, they might be quite abundant and have bands in the 400-900-nm DIB range.
The origin bands in the -series are as follows: 438, 471, and 505 nm for NC 5 N, HC 6 N, and HC 7 H, respectively. Although spin structure was not discernible, its influence on the rotational contours was observed, verifying their triplet nature despite predictions of close-lying singlet states for NC 5 N. Subsequent calculations and experimental vibrational frequencies from assorted isotopomers confirmed the NCCCCCN connectivity (81, 82). In all three species, researchers observed vibrational bands due to C C stretches in the upper state.
Spectra of the hydrogenated cation species, such as HC 5 HC n S (n = 2-8) species have been characterized through pure rotational spectroscopy, demonstrating 2 ground states in which the spin sublevels are inverted when n is even (87-89). Despite the lower abundance of sulfur in the interstellar medium (approximately an order of magnitude less than carbon), sulfur terminated chains tend to possess large transition dipole moments. HC n S species are also interesting because of their geometrical structures: Pure rotational spectra show that HCCO, HC 3 (92); unlike HCCS, no bands originating from the X 2 1/2 component were detected. This result was also observed in pure microwave spectroscopy in which both spin states were apparent for HC 2 S but not for HC 4 S (88). We can attribute this to the small energy differences in the spin sublevels of HC 4 S that allow fast population relaxation between them when undergoing a supersonic expansion from the discharge source, as was the case for the HC n N + series. Similarly, researchers observed 
Ringed Species
Previous investigations of bare carbon rings have been limited to ion-mobility experiments (24, 95) and electronic absorptions in low-temperature matrices (C 10 , C 12 , and C 14 ) (96, 97). Gas-phase spectra of C 14 , C 18 , and C 22 rings, however, have been observed recently using R2C2PI with 157-nm ionization (98, 99) , an example of which, the origin band of C 18 , is shown in Figure 5 . The low-resolution spectra indicate a number of absorption systems throughout the visible region, commencing with relatively narrow origin bands, a few wave numbers in width, with higher-energy transitions successively increasing in broadening. The analysis of the spectra based on experimental evidence (the known position of the transitions for linear C 14 , C 18 , and C 22 chains, the lack of correlation with the band systems of the polyacetylenes HC 2n H that appear when hydrogen is added to the plasma expansion) and reasonable agreement of the excitation energies obtained from density-functional-theory calculations on the minimum energy cyclic structures led to the conclusion that the cyclic isomers are the absorbers. Neither the spectral evidence nor theory is currently able to determine whether the cyclic structures have alternating single and triple bonds (acetylenic C 9h symmetry) or equal lengths (cumulenic D 9h ).
ASTROPHYSICAL IMPLICATIONS
Having electronic gas-phase spectra for C n and C n H (n = 3-12) available allowed for the first time direct comparisons with DIB observations, which were made in 
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Resonant two-color two-photon ionization spectrum of the origin band for the first electronic transition of cyclic C 18 three collaborative studies using the Canadian-French-Hawaii telescope on Mauna Kea. Electronic spectra of both C n and C n H were specifically targeted because bare carbon chains (n = 3, 5) were identified in circumstellar shells using IR spectroscopy, while spectra of the hydrogenated species were detected in dense clouds by radioastronomy. The search led to the unambiguous identification of C 3 in diffuse clouds (100) (Figure 6) [the laboratory spectrum measured at a temperature of 80 K and same line width as achieved in the astronomical measurements (0.2 cm −1 )]. The most poignant aspect is that individual rotational lines are just about discernible, but only because a high signal ratio, approximately 4000, was attained in the measurements. As shown in Figure 6 , the rotational intensities correspond to 80 K, although a nonBoltzmann distribution is indicated with a weaker, longer-lived (approximately 150 K) component. The cause of this non-Boltzmann distribution is radiative population from higher-excited electronic states. This is consistent with the general view one has of the diffuse clouds; the polar diatomic species detected there (CN, CH, CH + ) have attained a black body temperature down to 2.7 K, whereas those lacking permanent dipole moments (C 2 , C 3 , and H 3 + ) have internal temperatures in the 40-80-K range (101). Meanwhile, although neither C 4 nor C 5 could be detected, their upper-limit column densities were deduced as ≤10 11 cm −2 (102), the exact number dependent on the oscillator strength of the transition, which comes from theoretical calculations wrought with uncertainty because of significant configuration mixings (103) . In the case of C 3 , the inferred column density toward ζ Oph was 2 × 10 12 cm −2 . Similar comparisons between gas-phase laboratory spectra and DIB data were made for the hydrogenated chains, the polyacetylene cations, carbon-chain anions, and some nitrogen-containing chains (104) . In all cases, the derived upper limits of column densities were similar: If these species are present in the diffuse clouds, then they must exist with N ≤ 10 12 cm −2 . At this stage, it is relevant to point out that related species in fact have been detected in the diffuse medium using millimeter-wave techniques (105, 106) , including c-C 3 H 2 (N ≈ 10 12 cm −2 ). If we then assume that species such as l-C 3 H or l-C 6 H are present with comparable densities, the calculated f values of their known electronic transitions in the visible indicate that the equivalent width of the resulting DIB absorptions would be on the milli-angstrom scale, currently hardly detectable. This leads to the conclusion that although carbon chains and their simple derivatives are probably in the diffuse medium, the ones with dipole moments are more readily detectable using millimeter-wave techniques rather than optical spectroscopy and thus cannot be responsible for any of the 100 or so stronger known (>0.1Å, equivalent width) DIBs. Therefore, Douglas's conjecture must be modified, in the sense that chains comprising up to 12 carbon atoms are not the carriers. However, the results do point toward further possible candidates with appropriate physicochemical properties, as explained below.
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In the case of C 3, the detection of a typical rotational line with an f value of ∼0.01 implies N ∼ 10 10 cm −2 . Thus a larger chain with an f value 100 times larger, as is the case for the 1 u
+ transition, and a column density of www.annualreviews.org • Electronic Spectroscopy of Carbon Chains11 cm −2 leads to an absorption with an equivalent width of 0.1Å, which could then correspond to an observed DIB. With this thought in mind, the following criteria arise for a species to have good potential as a DIB carrier, therefore making the effort to obtain its laboratory spectrum worthwhile: (a) absorptions in the 400-800-nm range, (b) f values in the 1-10 range, and (c) an excited electronic-state lifetime longer than a few picoseconds so that intramolecular broadening would still be compatible with the typical half-widths of the narrower DIBs (i.e., a few wave numbers).
The longer chains with an odd number of carbon atoms of the size C 17 , C 19 , and up to around C 21 satisfy the first two criteria because their 1 u
+ transitions have now moved to the 400-800-nm range (107) and their f values scale with length (for C 3 , at 170 nm, f is already approximately unity). It remains to be seen whether the excited electronic state 1 u + has a lifetime longer than a few picoseconds to satisfy the third condition listed above. Attempts to detect the transition in the gas phase have failed so far; although mass spectra following laser ablation of graphite show the presence of these molecules, the time structure of the nanosecond pump-probe R2C2PI experiments is probably too long.
Interestingly, the special occupancy of the molecular orbitals leads to the favorable situation for the odd-numbered carbon chains in which the lowest-energy transition carries most of the oscillator strength (Figure 1a) . These are closed-shell species, similar to stable aromatics, with the bonding molecular orbitals fully occupied and the lowest excitation to the lowest unoccupied molecular orbital (LUMO). In contrast, the even-numbered chains, with X 3 g − ground states, have partially occupied degenerate molecular orbitals in which the lowest-energy excitation is dominated by electron promotion from the fully occupied molecular orbital to the partially filled ones, with lower f values (0.01-0.001 range) (Figure 1b) . In these systems, the higher-lying transition, involving primarily the highest occupied molecular orbital (HOMO)-LUMO excitation, carries the large f value. This is the general situation in open-shell species and has been rationalized in terms of configuration interaction long ago (108) . Thus for these reasons the C 2n+1 chains are considered special and possess the required selectivity. By isoelectronic arguments, the properties available to the C 2n+1 chains are expected for the C 2n+1 H + species and related molecules (e.g., C 2n+1 O). These then would be the natural choices for laboratory studies for the coming years.
The polyacetylene chains HC 2n H (n = 8-13) (Figure 3 ) also show large f values for their lowest-allowed transition, 1 u
+ , having a similar full occupancy of the ground-state HOMO and therefore HOMO-LUMO excitation (Figure 1a) . However, the energy of the transitions still lies in the UV, outside the range in which distinct DIBs are observed.
The first observation of bare carbon rings in the gas phase (C 14 , C 18 , and C 22 ) led to a comparison with DIB data (98, 99, 109) . Investigators reached similar conclusions as those for the smaller carbon chains and simple derivates, namely that if these sort of cyclic molecules are present, then only with column densities <10 11 cm −2 . The main reason for this conclusion is that the transitions of concern have oscillator strengths in the 10 −2 -10 −3 range and thus do not satisfy the special conditions stipulated above required to produce stronger DIBs.
The detection of the bare carbon rings nevertheless is relevant for astronomical considerations for two reasons. First, studies of the photodissociation behavior of PAHs of this size indicate that the degree of hydrogenation is likely to be low (7). Gas-phase studies on PAH + (such as that of coronene, C 24 H 12 + ) show this directly: On irradiation of this ion with UV photon flux comparable with that pervading the diffuse interstellar medium, all hydrogens are lost, leaving C 24 + as a stable entity behind (110). Thus the relevance to the bare neutral rings is clear; it would be interesting to measure the electronic spectra for the neutral and cationic ring entities. This then is another signpost for future research. The second reason concerns the band profile, which is shown for the origin of the lowest electronic transition for C 18 in Figure 5 at three temperatures from approximately 100 to 20 K. The central peak, a few wave numbers wide, is the origin transition itself, the rotational structure being unresolved for molecules this size. Owing to the relative intensity changes of the two subsidiary peaks on either side, these absorptions are attributed to vibrational sequence transitions starting from low-frequency modes (<100 cm −1 ) that remain populated in the ground electronic state.
Striking is the resemblance of these cyclic C 18 band profiles to some DIBs bands recorded with comparable resolution (111). Two such bands (triplet at 661.4 nm and doublet at 579.7 nm) are shown in Figure 5b , measured through diffuse interstellar clouds. The profiles are almost superimposable. The wavelengths are different, of course, but the similarity does suggest that some of the structure observed in the higher-resolution astronomical recordings may be sequence transitions from hot bands (i.e., low-frequency modes of large molecules). More importantly, perhaps the carriers of the DIBs (Figure 5 ) are indeed platelike molecules comprising 20-100 carbon atoms in which the electronic transitions possess high oscillator strength. Strong f values may also be achieved in systems containing metal atoms, where the transition moments are enhanced because of the polarizability/charge-transfer character of the system.
Since the identification of the first magnesium-bearing molecules in space, MgNC (112) and MgCN (113) in the circumstellar envelope of IRC+10216 through their rotational transitions, it is expected that many more metal-containing species await detection; however, first laboratory studies must be attempted. Magnesium and iron are also cosmically abundant (0.1% and 0.06%, respectively) and should form stable species with strong UV/visible spectral features when bonded to carbon chains.
Most magnesium compounds resemble species in which a terminal hydrogen atom has been replaced by the alkali earth atom: Mg-OH and Mg-CN have been observed using rotational spectroscopies (114, 115), whereas Mg-CCH (116), Mg-CH 3 (117), and Mg-NC were electronically investigated (118). By combining laser ablation with hydrocarbon precursors, investigators have observed the A 2 -X (131, 132) . In this way investigators have compared the 3d MC 2 − series with their corresponding metal oxides (133, 134) . As a future avenue of study, similar metal-containing chains may possess strong-enough oscillator strengths to warrant measuring their electronic spectra.
SUMMARY AND FUTURE OUTLOOK
In the past decade, researchers have greatly expanded our knowledge concerning the electronic transitions involved in carbon chains. New techniques are continually developed to probe the high-resolution spectroscopy of radicals and ions, offering further insight into their chemical nature. These spectra have enabled a direct gas-phase comparison between the laboratory data and the astronomical DIB observations; however, no direct correlations were found. Despite this, the findings do point toward an interesting future in carbon-chain spectroscopy. Specifically, bare carbon rings, longer closed-shell chains [e.g., C 2n+1 (n > 8), C 2n+1 H + , and C 2n+1 O], and metal-containing species all offer possible candidates as astrophysically relevant molecules with large transition moments and predicted electronic transitions in the 400-900-nm DIB range and therefore require further investigation.
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